Piezoelectric materials are widely used for microscale sensors and actuators but can pose material compatibility challenges. This paper reports a post-CMOS compatible fabrication process for piezoelectric sensors and actuators on silicon using only standard CMOS metals. The piezoelectric properties of aluminum nitride (AlN) deposited on titanium (Ti) by reactive sputtering are characterized and microcantilever actuators are demonstrated. The film texture of the polycrystalline Ti and AlN films is improved by removing the native oxide from the silicon substrate in situ and sequentially depositing the films under vacuum to provide a uniform growth surface. The piezoelectric properties for several AlN film thicknesses are measured using laser doppler vibrometry on unpatterned wafers and released cantilever beams. The film structure and properties are shown to vary with thickness, with values of d 33f , d 31 and d 33 of up to 2.9, −1.9 and 6.5 pm V −1 , respectively. These values are comparable with AlN deposited on a Pt metal electrode, but with the benefit of a fabrication process that uses only standard CMOS metals.
Introduction
High-speed, low-power actuators and sensors find numerous applications in microelectromechanical systems (MEMS). Although electrostatic parallel plate and comb drives are widely used for their simplicity, piezoelectric actuators are ideal for applications such as high-speed atomic force microscopy [1] , nanoscale electromechanical switches [2] , resonators [3] and RF filters [4] . Zinc oxide (ZnO) and lead zirconium titanate (PZT) are commonly used piezoelectric materials, but they pose a contamination risk in tools shared with CMOS fabrication processes and can be difficult to process (e.g. low resistivity, composition control, cracking) [5] . In contrast, aluminum nitride (AlN) is CMOS compatible and can be deposited by several methods, including reactive sputtering. While the d 33 piezoelectric response of AlN is less than that of ZnO or PZT [5] , its other material properties (e.g. high elastic modulus and thermal conductivity, low density) make it ideal for many applications. The deposition of AlN on metal electrodes has been studied extensively for thin film bulk acoustic resonator (FBAR) applications [6] . Although post-CMOS compatible processes have been presented [7] [8] [9] , they utilize nonstandard metals (e.g. Cr, Mo, Pt) which limits their process compatibility in many common situations. A deposition and fabrication method for AlN using only standard CMOS metals would enable new applications for piezoelectric transducers in nano-and microscale integrated systems.
The piezoelectric properties of polycrystalline AlN are derived from columnar grains with (0 0 2) crystal orientation. Metals that have been shown to yield reproducibly good AlN texture (e.g. Mo, Pt) are distinguished from other electrode materials (e.g. Ti, Al) partly by their small degree of lattice mismatch with AlN [10] . Metal electrode crystal planes which present hexagonal orientation for the growth of wurtzite AlN include Al (1 1 1), Pt (0 0 2), Ti (0 0 2) and Mo (1 1 0). Although the lattice mismatch of AlN with Ti and Pt is comparable, Pt has yielded better performance to date [11] . Exposure of the bottom electrode to oxygen has been shown to affect AlN grain structure and polarity [12] , and an amorphous layer of AlN precedes columnar growth when deposited on TiO 2 [13] . These results suggest that the piezoelectric response of AlN on Ti can be improved by investigating the surface condition of the deposition substrate.
In this paper, we report a deposition and fabrication process for AlN piezoelectric transducers on silicon using only standard CMOS metals. We have previously reported preliminary characterization results [14] . AlN is deposited by pulsed dc reactive sputtering on a silicon substrate using Ti as the electrode metal. We studied the dependence of film properties on processing parameters and found that the AlN film texture is improved by sequentially depositing the films under vacuum and in situ cleaning to remove surface oxides to yield a uniform AlN nucleation surface. 
Microfabrication
Cantilevers were fabricated from 4 inch (1 0 0) silicon-oninsulator (SOI) wafers (5 μm device layer, 500 nm buried oxide, 500 μm handle). The fabrication process is presented in figure 1 . After defining the alignment marks, the piezoelectric film stack is uniformly deposited on the wafer. The stack consists of an AlN interlayer (≈140 nm), Ti bottom electrode (≈85 nm), AlN actuation layer (200-1700 nm) and top Ti electrode (≈275 nm). The top Ti electrode is lithographically patterned and etched (50:1 H 2 O:HF), and then used as a hard mask to pattern the AlN actuation layer (25% TMAH, room temperature). The bottom Ti electrode and AlN interlayer are patterned and etched using identical processes. The lithographic mask for the bottom Ti and AlN was designed to encompass and protect the top Ti and AlN layers. The cantilevers are patterned in the (1 0 0) direction in the silicon device layer by deep reactive ion etching (DRIE). After the frontside of the wafer is protected by a thick photoresist layer, the handle of the wafer is patterned and etched with DRIE from the backside and the buried oxide is removed by CHF 3 /O 2 RIE to release the cantilevers.
We chose to use Ti rather than Al for the metal electrodes for its greater performance and process compatibility. Ti (0 0 2) has less lattice mismatch (5%) with AlN than Al (1 1 1) (23%), reducing strain near the film interface [10] . Etch selectivity between AlN, the electrode metal and the Si substrate is also required. Room temperature tetramethylammonium hydroxide (TMAH) etches both Al and AlN [8] , but neither Ti nor Si. Thus, it is possible to etch the AlN with TMAH and the Ti with hydrofluoric acid (HF) without affecting the underlying Si substrate, whereas Al and AlN can not be selectively etched with respect to each other.
Scanning electron micrographs (SEMs) of finished devices are shown in figures 2(a) and (b). Minimal undercut of the AlN is observed from the room temperature TMAH etch, as has been reported previously [8] . 
AlN deposition
The AlN and Ti films were deposited in a pulsed dc reactive sputter deposition system (Tango Systems, San Jose, CA). Power, pressure and substrate temperature for AlN deposition were held constant at 5 kW, 5 mTorr and 200
• C, respectively. The temperature and pressure were chosen to minimize N incorporation into the Ti and instrinsic stress in the AlN [11] . Target-substrate distance was fixed at 45 mm. The chamber was evacuated to a base pressure of 10 −8 Torr before the sputtering. The AlN deposition rate was 21.2 nm min −1 with Ar and N 2 flow rates maintained at 10 sccm and 40 sccm, respectively. The AlN deposition parameters are summarized in table 1. All Ti films were sputtered at 3 kW with 40 sccm Ar to yield a deposition rate of 40 nm min −1 . For surface condition studies, the Si substrate was cleaned by either an inductively coupled plasma (ICP) at 800 W bias for 150 s or sputtered at 800 W for 100 s. Both options utilize an Ar flow rate of 40 sccm and remove approximately 50Å from the surface. The ICP cleaning was performed in a separate chamber from the sputtering chamber. Vacuum was maintained while transferring wafers from the ICP chamber to the PVD chamber. The Ti and AlN depositions were isolated through sputtering shields to control cross-contamination. We utilized an AlN interlayer below the bottom metal electrode as demonstrated by Kamohara et al [15] . This yields large piezoelectric coefficients and isolates the bottom electrode from the substrate to reduce cross-talk with other electronic devices on the same die. A cross-section SEM of the AlN is presented in figure 2(c) , showing the columnar orientation of the AlN grains.
Device and film characterization
The AlN films were characterized using several methods. Xray diffraction (XRD) θ -2θ and rocking curve scans were used to assess the AlN orientation and film texture (Philips X'Pert Pro, 45 kV, 40 mA). Rocking curves were measured by first performing a θ -2θ scan to find the AlN (0 0 2) reflection peak (2θ = 36.04
• ) and then with 2θ fixed, varying the wafer holder angle (ω) to measure the degree of grain alignment normal to the wafer. The reflected x-ray intensity was measured with a parallel plate collimator and sealed proportional detector. X-ray photoelectron spectroscopy (XPS) (SSI S-Probe XPS Spectrometer, 10 kV, 150 × 800 μm area) was used to quantify the AlN elemental composition after sputtering a 2 × 2 mm area to remove surface contamination and the top Ti electrode. Scanning electron microscopy (SEM) in combination with focused ion beam milling was used to obtain electron micrographs and measure all film thicknesses (FEI Strata 235 DB). The measured film thicknesses are summarized in table 2 and are used in the d 31 calculations. We measured the d 33f piezolectric coefficient at the wafer scale and the d 31 coefficient at the device scale with a laser doppler vibrometer (LDV) (Polytec OFV-2500) as shown in figure 3 . Although double-beam interferometry is typically used to measure d 33f in piezoelectric thin films, LDV was recently demonstrated [16] . The d 33f coefficient at the wafer scale was measured by biasing the AlN film across its thickness and measuring the induced deflection of the top surface ( figure 3(a) ). In order to avoid exciting the bending modes of the wafer and to improve the LDV displacement resolution, we opted to drive the wafer at significantly higher frequencies (800 kHz-1.2 MHz) than have been utilized previously (8 kHz) [17] .
For whole wafer laser doppler vibrometry measurements, the wafers were coated with an additional layer of Ti on the backside to improve electrical contact and firmly fixed in place with adhesive. We measured the bias voltage across the AlN film with a separate set of electrodes to account for the output impedance of the amplifier and the low impedance of the AlN at high frequency. The amplitude of the bias voltage and LDV output were recorded with a spectrum analyzer (HP 3562A), and the change in film thickness was calculated from the measured velocity and driving frequency.
The d 33f coefficient is calculated from
where 3 and E 3 are the strain and electric field in the piezoelectric film in the out-of-plane direction, t and V bias are the change in the thickness of the piezoelectric film and the electric potential applied across it. The thin film piezoelectric coefficient (d 33f ) is smaller than the actual piezoelectric coefficient of the material (d 33 ) [19] , which correspond to E 11 = 396 GPa, E 12 = 137 GPa and E 13 = 108 GPa.
The d 31 coefficient was extracted by sinusoidally biasing the unimorph cantilever actuators and measuring the tip deflection for multiple applied voltages in order to calculate the corresponding d 31 coefficient. The cantilever actuators were also biased with a square wave in order to unambiguously determine the sign of the piezoelectric coefficients from the direction of cantilever tip motion. We tested two cantilever beam designs: a 30 μm wide × 100 μm long × 5 μm thick Si cantilever with a 26 μm × 96 μm AlN stack, and a 50 μm wide × 200 μm long × 5 μm thick Si cantilever with a 30 μm × 196 μm AlN stack. The multilayered cantilever structure was modeled following the methods outlined in [20, 21] using the film thicknesses measured by SEM (table 2) and the material properties in table 3. The longitudinal axis of the cantilever beam design is in the (1 0 0) direction and the material properties were chosen for that crystallographic orientation. The cantilevers were actuated at a frequency approximately 100 times below their resonant frequency to avoid dynamic effects. The non-negligible cantilever beam width was accounted for by using the transformations E → E/(1 − ν 2 ) and d 31 → d 31 (1 + ν) in the calculations as described in [21] .
Results and discussion
We first investigated the effect of the Si substrate surface condition on the AlN microstructure. Previous work indicated that Ti (1 0 0) rather than (0 0 2) is obtained when an oxidized Si substrate is used [22] . Removing the native SiO 2 by in situ inductively coupled plasma (ICP) improved the AlN and Ti orientation in comparison with presputtered or untreated Si substrates (figure 4). The AlN (0 0 2) and Ti (0 0 2) peaks were both substantially increased by the removal of the native SiO 2 from the surface. The AlN exhibited pure (0 0 2) alignment, without any other observable orientations.
Next we investigated the effect of AlN film thickness on the degree of grain alignment. The rocking curve full-width at half-maximum (FWHM) was found to depend inversely upon the film thickness as expected ( figure 5 ). Increasing the RF-induced bias from 45 V to 57 V modestly improved the FWHM for an AlN film thickness of ≈400 nm, while reducing the bias from 45 V to 40 V almost doubled the FWHM from <3
• to 5.5
• for a film thickness of ≈1700 nm. These values are slightly greater than previous reports of 2.6
• [23] for AlN on Ti with an AlN interlayer. Although our rocking curve FWHM is larger than reported values for Pt and Mo (<2
• ), Tonisch et al [24] found that a narrow rocking curve is essential for acoustic resonator performance but much less so for general transducers.
Film texture is an indirect measurement of the AlN piezoelectric response because the formation of both parallel and anti-parallel grains can lead to a negligible piezoelectric Figure 5 . The XRD rocking curve FWHM of the AlN was found to vary with film thickness. All samples were cleaned by ICP before depositing the AlN/Ti/AlN/Ti film stack (n = 5 for each thickness). The orientation uniformity of the AlN (0 0 2) grains was improved by increasing both the film thickness. We investigated the effect of RF-induced bias for several thicknesses and found that increased bias may lead to improved grain alignment. A sample rocking curve is inset (57 V bias). Figure 6 . X-ray photoelectron spectroscopy (XPS) survey scan recorded after removing the top Ti electrode by sputtering. Atomic composition was calculated to be O = 6.4% ± 1.6%, N = 37.8% ± 1.8%, Al = 54.0% ± 2.2% (μ ± σ, n = 6).
response despite good apparent film alignment [25] . Ruffner et al [12] found that allowing the bottom metal electrode to oxidize before depositing the AlN film led to a change in the polarity and a reduction in the magnitude of the piezoelectric response. Akiyama et al [26] observed a similar trend by controlling the concentration of oxygen. However, they attributed the change in polarity to Al-O binding in the plasma rather than at the surface.
In light of the potential importance of oxygen concentration, we characterized the composition of the AlN films with XPS. We removed the top Ti electrode by Ar sputtering and found the composition of the AlN to be O = 6.4% ± 1.6%, N = 37.8% ± 1.8%, Al = 54.0% ± 2.2% (n = 6, μ ± σ ) (figure 6). The measured oxygen concentration The magnitude of the piezoelectric response is determined by applying an ac bias to the AlN actuator and measuring the tip deflection amplitude. Example data for 100 μm long cantilevers with several AlN thicknesses is shown. The bias frequency (10 kHz) is much less than the cantilever resonant frequency (550 kHz). For a fixed bias voltage, tip deflection increases as the AlN thickness is reduced due to the larger electric field.
agrees well with earlier measurements of peak piezoelectric response by Akiyama et al [26] . However, we measured a high concentration of both aluminum and oxygen in the AlN film, in contrast with the hypothesis in [26] that a high oxygen concentration necessarily corresponds to a depletion of aluminum in the film.
One interpretation of these results is that oxygen affects the AlN piezoelectric response by two mechanisms: substrate oxidation and bulk oxidation. At low concentration when the substrate is not uniformly oxidized, the piezoelectric response decreases and can vanish due to the mixture of + and − grain polarities. At high concentration, the piezoelectric response is reduced by oxygen-induced grain defects. XRD rocking curve measurements will be affected by the second effect but not the first. In general, grain polarity is a complex function of many parameters including surface condition and a polarity change can be induced by varying the deposition pressure [27] or power [28] . Accordingly, it is necessary to directly measure both the sign and magnitude of the piezoelectric response rather than try to infer them from the film structure. The film morphology of AlN on Ti has been reported [22, 29] , but the piezoelectric response has been less frequently measured [11, 23] . We measured the piezoelectric properties of the films we deposited by two separate methods: d 33f at the wafer scale and d 31 using microfabricated cantilevers.
We determined the sign of the piezoelectric coefficients by biasing the AlN on the cantilever beams with a square wave. By observing the direction of cantilever tip deflection we could determine whether d 33 is positive or negative. The cantilever tip initially deflects upward in response to a positive bias on the top electrode, indicating d 33 > 0 and d 31 < 0 ( figure 7(a) ). This is in contrast with Ruffner et al and is in agreement with Dubois and Muralt [11] , although different deposition conditions were used in each study. By exciting the piezoelectric film with white noise we measured resonant frequencies within 10% of the expected value and quality factors between 300 and 600. When sinusoidally biasing the cantilever actuators the tip deflection amplitude varied linearly with bias voltage as expected ( figure 7(b) [18] . These material properties are sufficient for many high speed microactuator applications such as high-speed AFM or nanomechanical switches. The tip deflection and resonant frequency for a 250 μm long cantilever beam operating at a bias voltage of 10 V is plotted against cantilever beam thickness for the fabricated and characterized AlN actuator thicknesses (figures 9(a) and (b)). As the cantilever beam becomes thinner or longer, the resonant frequency decreases while the tip deflection increases. Performance can be approximated as independent of beam width assuming that the piezoelectric covers the entire beam. Deflections up to several microns are possible while maintaining a resonant frequency >20 kHz. It is also possible to increase the resonant frequency to several MHz for tip deflections of ≈50 nm.
A possible figure of merit for high-speed MEMS cantilever actuator applications is the product of resonant frequency and tip deflection, which is independent of cantilever length in our model, and is plotted in figure 9(c) . The frequency-deflection product can be increased in several possible ways. The piezoelectric film quality can be improved to increase the d 31 coefficient, leading to increased tip deflection for the same resonant frequency. Alternatively, the electric field can be increased by reducing the thickness of the piezoelectric film or increasing the bias voltage. However, care must be taken in reducing the film thickness because both the resonant frequency and d 31 coefficient will decrease slightly. Finally, the thickness of non-piezoelectric layers such as the silicon substrate can be reduced until the neutral axis intersects the piezoelectric layer and the tip deflection begins to decrease. In certain applications, it possible to use a bimorph rather than unimorph actuation configuration to nearly eliminate non-piezoelectric layers and further increase the frequency-deflection product [31] .
Conclusion
AlN thin films have been fabricated on Ti electrodes with excellent piezoelectric properties for CMOS compatible MEMS applications.
Our results suggest that in situ substrate pre-cleaning and sequential deposition of films under vacuum limits surface oxide formation, improving the uniformity of the AlN grain polarity and maximizing the piezoelectric response. We characterized the piezoelectric properties of the films with LDV using both whole wafers and released cantilevers, achieving d 33f (2.9 pm V −1 ) and d 31 (−1.9 pm V −1 ) coefficients comparable to AlN on Pt, but with a fabrication process that utilizes only standard CMOS metals and is compatible with surface and bulk Si micromachining.
